A stable stream of compound drops which are composed of core fluid, water, encased by a layer of shell fluid, diesel, was utilized to investigate the dynamic behavior of a liquid-liquid compound drop impinging on a hot surface above the Leidenfrost temperature. The core-to-shell mass ratio and the modified normal Weber number, which takes into account the two interfaces involved, were taken to be the controlling parameters. The outcomes of a compound drop impacting on a hot surface consist largely of reflection with or without secondary drops. Based on energy conservation, the dissipated energy was estimated and a criterion for secondary drop formation was presented. The normal velocity after impact is reduced due to viscous dissipation while the tangential component remains almost unaffected. In addition, there is an interesting phenomenon of the core drop escaping from the compound drop. The experimental results show that an increasing core-to-shell mass ratio raises the momentum loss, reduces the number of secondary drops, and promotes core-drop escaping.
I. INTRODUCTION
The phenomenon of a liquid drop impinging on a hot surface occurs in many practical systems such as diesel engine combustors, spray cooling systems, and fire protection systems. In particular, in space-limited internal combustion engines, if the evaporation rate of the fuel drops is not sufficient, the impact of fuel drops on the internal wall surface of the combustor is expected to be frequent.
The characteristics of the impingement of liquid drops on a hot surface have been investigated mainly from an experimental aspect. Many detailed experimental investigations have been carried out by researchers. A series of excellent photographs was produced using a flash photographic method at a temperature ranging from room temperature to above the Leidenfrost point of the liquid by Chandra and Avedisian 1 for the collision dynamics of a liquid ͑n-heptane͒ drop on a solid surface. Their results showed that the evolution of wetted area and spreading rate were independent of the surface temperature during the early period of impact. Anders et al. 2 used monosized drop streams to study the behavior of ethanol drops impinging on hot surfaces. Complete wetting, near elastic reflection and formation of secondary drops was observed. Hatta et al. 3 found that the time histories of the drop diameter, the height and the distance between the bottom of drop and the hot surface after rebounding remained almost unchanged regardless of surface material, if the surface temperature was above the Leidenfrost temperature and the Weber number was kept so low that the drop did not break up into several parts. Ko and Chung 4 investigated the breakup mechanism of an n-decane fuel drop impinging on a hot surface in the temperature range of 220-330°C. They determined the effects of wall temperature, impinging velocity, drop size, and impinging angle on drop breakup. Kang and Lee 5 focused mainly on the effects of the surface temperature and the impinging angle of the drop on impact dynamics. In general, the above-mentioned experimental results showed that the drop behavior after impact is greatly influenced by the normal momentum of the impinging drop. In principle, two distinct regimes are separated by the Leidenfrost temperature for the interaction between a drop and a hot surface. In the regime above the Leidenfrost temperature the interaction process is independent of the surface temperature and is governed by the impact energy ͑Yao and Cai 6 ͒. So far, previous research on liquid drops impinging on a hot surface has been conducted for a one-component liquid drop, e.g., water drops, ethanol drops, n-decane drops, and so on. Multicomponent multiphase drops have not been considered extensively. In fact, the presence of fuel drops composed of more than one immiscible liquid fuels can be abundant if blended or emulsified fuels are used. In addition, one may encounter multiphase drops in processes such as directcontact heat exchangers, liquid-membrane technology, and melting of ice particles. An emulsified multicomponent fuel drop colliding on cold steel plates has been studied by Prunet-Foch et al. 7 The impact of a multicomponent drop without emulsification has not been investigated. In the literature, the term "compound drop" has been used to denote a liquid drop composed of more than one immiscible fluid. The fluid inside the compound drop is called the core fluid; and the fluid on the outside is the shell fluid. The distinct behaviors of a compound drop as compared to a pure drop can be of great significance in processes involving multicomponent drops.
For the present work, a piezoelectric drop generator equipped with concentric nozzles was utilized to produce a stable stream of compound drops. A detailed experimental investigation on the dynamic behavior of a two-component compound drop impinging on an inclined surface at a tem-perature well above the Leidenfrost temperature was carried out. The main purpose of this study was to discover the difference of collision behaviors between a pure and a compound drop. Figure 1 shows the schematic diagram of our experimental setup, including a compound drop generation system, a visualization system, and a surface heater system.
II. EXPERIMENTAL APPARATUS
The compound-drop generation system consisted of a compound-drop generator with a concentric nozzle, two liquid reservoirs, a pulse generator, and a voltage amplifier. The concentric nozzle was made by inserting a dental needle of 0.17 mm inside diameter into a hypodermic needle of a different inside diameter: 0.35, 0.40, or 0.45 mm. The colored core liquid, water, of the compound drop was issued through the dental needle from the water reservoir and the shell liquid, diesel, through the hypodermic needle from the diesel reservoir. With careful control of the flow rates of the two fluids and the alternating pulse on the piezoelectric plate, which was used to break up the liquid jet, a stable compound-drop stream with various core-to-shell mass ratios could be generated. Three examples are shown in Fig. 2 . The outside diameters of the compound drop and the core drop ranged from 720 to 1100 m and from 240 to 470 m, respectively. The core-to-shell mass ratio was defined as
where V w / V f , the volume ratio of water to diesel, was measured by a graduated cylinder. A digital video camera, a monitor, and a stroboscope were used as the visualization means for the recording of the impinging behavior. The stroboscope was aligned towards the video camera and operated in a mode of short delay with respect to the pulse signal of the compound-drop generator to obtain slow motion of the impinging event.
The surface heater system consisted of a temperature controller, a temperature indicator, and a polished stainlesssteel plate. The surface temperature was maintained at 450°C to ensure that the experiments were performed well above the Leidenfrost temperature of the liquid in use, namely diesel ͑Xiong and Yuen 8 ͒. A type-K thermocouple was used to monitor the surface temperature. The plate could be rotated up to 60°with respect to the oncoming drop stream.
A schematic drawing of the drops impinging on a surface in the present experiment is shown in Fig. 3 . The velocity before impact is given by
where f is the frequency of drop generation and s is the spacing between drops, measured from the video picture.
III. RESULTS

A. General description
In this paper, we conducted a detailed experimental investigation on bouncing and breakup of a compound drop impinging on a hot surface. All the values or ranges of relevant parameters are listed in Table I . In general, for a compound drop consisting of any combination of core and shell liquids, there will be quite a few dimensionless numbers describing the problem. Since we have experimented on only diesel-water compound drops, the material property ratios and Reynolds number are not taken into account. According to previous experimental evidence, 2, 5, 6, 9 the impact outcome is only controlled by the normal momentum. From our observation, it was also evident that, although the impinging was conducted on an inclined surface, the collision outcome was seen to depend solely on the normal component of the impact momentum, but not on the tangential component. Therefore, the normal Weber number and the core-to-shell mass ratio ␥ were taken to be the controlling parameters in the present paper.
Conventionally, the normal Weber number for a onecomponent drop impinging on a solid surface is defined by its surface energy and normal impact energy as
where is the density, the surface tension coefficient, d the outside diameter, and 1 the incident angle. For a compound drop, as shown in Fig. 4 , two interfaces should be considered, namely water-diesel and diesel-gas. Because of their complete immiscibility, the surface tension coefficients can be related by the following expression:
where w/a is the surface tension coefficient of water and f/a the surface tension coefficient of diesel. A modified normal Weber number was introduced by inserting the average density and the two surface tension coefficients with their respective surface areas to account for the changes in the magnitudes of the kinetic and the total surface energy. The modified normal Weber number then becomes
where f is the density of diesel, w is the density of water, d o is the outside diameter of the compound drop, and d w is the outside diameter of the core drop. In order to vary the normal impact velocity, we can either vary the vertical distance from the drop generator to the hot surface or vary the impinging angle. Since the speed of the compound drop produced by the generator is limited, in our study no impinging angle less than 20°was performed. According to Karl and Frohn, 9 for impinging angle larger than approximately 20°the normal Weber number needed for the formation of a secondary drop is independent of the impinging angle.
B. Outcomes of impingement
The basic role the core drop plays in the impact can be realized from the stepwise pictures in Figs. 5͑a͒-5͑d͒, which depict typical behaviors of a drop, pure or compound, impinging on a hot surface at a We n * around 20. In principle, when a drop impinges on a hot surface well above the Leidenfrost temperature, a vapor film immediately forms between the drop and the surface, and as a result the drop is completely separated from the hot surface by the vapor cushion. Owing to the impact energy, the impinging drop flattens from a spherical drop to a disk, then to a torus. The radial spread of the liquid is stopped by surface tension and then the circular torus starts to contract inward. Because of the concentration of fluids from all radial directions to the center of the flattened drop, a large mass flux normal to the hot surface is ejected. First a drop resembling a bowling pin is formed, and then it gradually lengthens to a liquid rod and rebounds from the hot surface. Eventually, the elongated liquid rod either breaks up into many drops ͑called "disintegration"͒ or retracts without breaking up ͑called "regular reflection" 9 ͒ and they all become spherical after oscillating for a certain period of time.
For a pure drop, i.e., ␥ = 0, the shape is almost axisymmetric in each step during the flattening and contracting processes, as shown in Fig. 5͑a͒ . The lack of influence from the transverse momentum can be realized from the bowling-pin liquid column being perpendicular to the solid surface. Figure 5͑b͒ shows that a compound drop with a very low mass ratio ␥ = 0.013, i.e., a very small core drop, behaves almost the same as a pure drop. No deformation of the core drop is seen due to its small size; instead, it is pushed aside to the rim of the torus during the flattening process. During contracting, the core drop is picked up by the shell liquid, but it lags behind the movement of the shell fluid due to its higher density; as it is evident that it sits in the bottom part of the rebounded liquid rod. This lag in movement interferes with the internal liquid movement in the compound drop, and reduces the rebound energy.
The influence of the core drop on the impinging behavior of a compound drop grows noticeable when the mass ratio is increased. As the core drop grows bigger, it deforms more easily. In Fig. 5͑c͒ , the core and shell are both seen to flatten, although the flattening speeds and the degrees of flattening are not the same. After the core has flattened to a certain extent, it starts to contract earlier than the shell due to its larger surface tension force. The core drop moves ahead to rebound from the hot surface but is resisted by the shell liquid. The shell contracts at a later time to form a liquid rod and is resisted by the core. A direct consequence of this counter-resisting action between the core and the shell during the flattening and the retracting processes is increased friction dissipation of energy and a shorter liquid rod after rebound.
If the core drop grows even bigger ͑which means the amount of liquid in the shell becomes less͒ during the flattening and retracting process, the liquid in the shell becomes less capable to resist or pick up the large and heavier core drop, as is seen in the seventh step in Fig. 5͑d͒ . For a higher We n * or heavier core drop than the one in Fig. 5͑d͒ , the core drop can actually escape out of the compound drop. If the core drop is not completely concentric with the shell, it also destroys the symmetric bowling-pin shape of a pure drop impact.
As the Weber number and the mass ratio are changed, various impact outcomes can be observed. Figures 6͑a͒-6͑d͒ , which show typical cases of compound-drop impact ͑with ␥ = 0, 0.03, 0.13, 0.22 and We n * Ϸ 12, 20, 32͒, serve to show our impact-outcome terminology and to contrast the compound-drop behavior to the pure-drop behavior.
The discussion of Figs. 6͑a͒-6͑d͒ will be aided by the experimental regime map, Fig. 7 , for the impact of compound drops on a hot surface in the ranges 0 Ͻ We n * Ͻ 45 and 0 Ͻ ␥ Ͻ 0.3. The symbols ᭺, ᭝, ᮀ, and छ represent regular reflection, disintegration with one secondary drop, disintegration with more than one secondary drop, and core escaping from the primary drop, respectively. It should be noted that these results are valid only to the chosen set of liquids, i.e., diesel shell and water core. In order to obtain a real picture for a compound drop consisting of any combination 
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of core and shell liquids, all dimensionless parameters describing the problem should be varied. That goal will be attempted in our future work. For ␥ = 0, i.e., a pure drop, Fig. 7 shows three outcomes of impingement: regular reflection for roughly We n * ഛ 14, disintegration with one secondary drop for roughly 14ഛ We n * ഛ 25, and disintegration with more than one secondary drop for roughly We n * ജ 25. For a We n * smaller than 14, drop rebounds from the hot surface with no disintegration. An example is shown in Fig. 6͑a1͒ , for ␥ =0, We n * Ϸ 12. In this regime, the reflection angle 2 was found to be smaller than the incident angle 1 , which implies a loss of momentum of the compound drop. Increasing the normal Weber number, in general, lengthens the rebounded column. The necking of the column will break into a certain number of small drops for a specific normal Weber number. For ␥ =0, We n * Ϸ 20 in Fig.  6͑a2͒ , the drop disintegrates into a primary drop and a secondary drop. The primary drop is usually larger than the secondary drop. If the normal impact energy is increased further, e.g., We n * Ϸ 32 in Fig. 6͑a3͒ , more than one stable secondary drop is formed. The sizes of the secondary drops seem to decrease with the increase of the normal Weber number.
In Fig. 7 , the upper We n * limit for regular reflection grows with ␥ from We n * Ϸ 14 for a pure drop until We n * Ϸ 25 for ␥ Ϸ 0.3, and the upper We n * limit for disintegration with one secondary drop also grows with ␥ from We n * Ϸ 27 for ␥ = 0 until We n * Ϸ 32 for ␥ Ϸ 0.13. In other words, for a compound drop, both regular reflection and disintegration with secondary drops become more difficult as the mass ratio is increased. With reference to Fig. 7 , the column-wise changes of the impact phenomena in Fig. 6 can be readily understood. In the first column, We n * Ϸ 12, all four impacts resulted in regular reflection. Note that the reflection angle is always smaller than the incident angle, which indicates that the impact is not perfectly elastic and loss of momentum has occurred. In the second column in Fig. 6 , We n * Ϸ 20, for ␥ = 0 and 0.03, disintegration occurred, while for ␥ = 0.13 and 0.22, regular reflection resulted.
Before discussing the third column in Fig. 6 , we digress for the description of a new phenomenon. The trend of disintegration with more than one secondary drop is more complicated for a compound drop because of the occurrence of an extraordinary event-the escaping of the core drop from the compound drop. As shown in Fig. 5͑d͒ , during the contraction stage, while the shell drop is still in the shape of a disk, the core drop has almost contracted to spherical shape and has started to rebound from the hot surface. If the momentum of the core drop is too high for the surface tension of the shell to withstand, the core drop would escape from the compound drop. There are two ways to increase the momentum of the core drop: by increasing the normal Weber number or by increasing the core-to-shell mass ratio. As indicated in Fig. 7 , the escaping of the core drop started to be seen for a compound drop of ␥ Ϸ 0.04 impacting at We n * Ϸ 38. The lower We n * limit for the escaping to occur decreases with increasing ␥ until ␥ Ϸ 0.3. In other words, as the core drop grows bigger, its escaping from the compound drop becomes easier.
In the third column of Fig. 6 , We n * Ϸ 32, disintegration with two, two, and one secondary drop͑s͒ occurred for ␥ = 0, 0.03, and 0.13. However, in the last photo, ␥ = 0.22, the core water drop is seen to escape from the compound drop and stay much closer to the surface than the shell drop. In this case, the whole core drop escaped, and the compound drop was left with no core liquid and became a pure drop of the shell liquid. From the experiment observation, the position of core drop inside the compound drop seems to have little to do with core escaping. The core drop can either escape from the front or the rear end of the compound drop. Correspondingly, it will keep a constant distance ahead of or behind the emptied compound drop, as shown in Figs. 8͑a͒ and 8͑b͒. One thing worth mentioning is that, although the position of the core drop could not be guaranteed at the cen- ter of the compound drop, the eccentricity did not have significant effects on the regime boundaries in Fig. 7 .
C. Criterion for secondary drop formation
Based on conservation of energy, an analytical approximation leading to the We n * limit for the one secondary drop formation in Fig. 7 has been developed. The total energy of the compound drop before impact is
where
and v 1n is the normal impinging velocity. From energy conservation, ͑6͒ must be equal to
͑7͒
where E k Ј is the kinetic energy, E s Ј the surface energy after impact, and ͚⌽ the total dissipation during drop deformation. ͚⌽ is assumed to be composed of three parts: ⌽ 1 and ⌽ 2 are associated with the deformation of the shell drop and the core drop, respectively. ⌽ 3 is the dissipation associated with the drag force by assuming the core drop as an immersed body in the shell fluid.
We used the same model as that of Karl et al. 10 to estimate the energy budget during drop deformation. Mathematically, the dissipation is given [10] [11] [12] by
The model is shown in Fig. 9 . For simplicity, it is assumed that the round end is minimally affected by the impingement such that it still moves with the normal impinging velocity v 1n and retains the spherical contour of the original drop. The time of the deformation is estimated as d o / v 1n . The thickness h can be determined with the assumption that the largest velocity gradient exists in the range of h and the order of magnitude of the strain rate is v 1n / h. By further assuming that the viscous stress is of the order of the dynamic pressure, i.e., v 1n / h ϳ 1 2 v 1n 2 , we obtain h ϳ 2 / v 1n . The volume of the range where the dissipation occurs is of the order of
Note that the above estimate of the dissipation does not include the part associated with the internal flow in the spreading rim region because the amount of energy dissipation in this region is small. 11 For a compound drop, the amount of dissipation ⌽ 1 and ⌽ 2 , after substituting the estimated quantities into ͑8͒, are
͑9͒
and
where C 1 and C 2 are proportionality constants. 
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Qian and Law 12 used a similar model to estimate the dissipation for the drop collision and suggested that C be around 0.5 according to their empirical data.
It is assumed that the shell fluid flows over the core drop and is resisted by the drag force, F D . The time of the flow is estimated as d o / v 1n . Therefore, ⌽ 3 is expressed as
It can be realized that the determination of the drag coefficient, C D , would be quite complex because the flow field of the deforming compound drop is not uniform and the core drop is deformable. For simplicity, however, we may take a C D of 0.9, which is roughly the C D value of a sphere in the Reynolds number range of 78 to 197, 13 similar to our Reynolds number based on the core drop diameter.
Equating ͑6͒ and ͑7͒, we have
͑12͒
Substituting ⌽ 1 , ⌽ 2 , and ⌽ 3 into ͑12͒ and dividing by E s , we obtain
͑13͒
then assume that for a compound drop to disintegrate, ⌿ R must exceed a threshold value because, after dissipation, the more the residual energy is, the easier the drop is stretched, and thus the drop is more likely to break apart. Since ⌿ R is clearly a function of We n * and ␥, we substitute the experimental data of the lower We n * limit for the one secondary drop regime in Fig. 7 into ͑13͒ and obtain the threshold value 1.73± 0.03. Therefore, the critical normal Weber number for the one secondary drop formation can be expressed as
We n-critical * = 0.73
͑14͒
Based on ͑14͒, the criterion curve for the impinging outcome to change from the regular reflection regime to the one secondary drop regime is plotted in Fig. 10 . It can be seen that the estimation correlates well with the experimental data.
D. Loss of momentum
As stated previously, the reflection angle 2 was found to be smaller than the incident angle 1 in the regular reflection regime. Adopting the methodology in Karl and Frohn, 9 the incident angle, 1 , and the reflection angle, 2 , were measured, and the dimensionless parameter L n , denoting the momentum loss of the compound drop normal to the hot surface, is calculated as follows ͑see Fig. 3͒ :
The mass loss of the drops during impingement process on hot surfaces is negligible ͑Wachters and Westerling 14 ͒; therefore, the drop mass does not enter the momentum equation. Figure 11 illustrates the momentum loss normal to the hot surface of the compound drop in the regular reflection regime in the normal Weber number range 0 Ͻ We n * Ͻ 25 and mass ratio range 0 Ͻ ␥ Ͻ 0.3. As shown in Fig. 11 , for different ␥, the momentum loss shows a similar trend, that is, as the normal Weber number increases, the momentum loss will increase. For lower mass ratios, ␥ = 0 and ␥ = 0.04, the results approach those of Karl and Frohn. 9 Of particular importance, the experimental data show that the momentum loss normal to the hot surface of the compound drop increases with increasing mass ratio for the same Weber number. These results were as expected. At first, the core drop offers resistance to the radial flow of the shell fluid at the spreading stage. Second, the conflicting movements of the core and the shell against each other during the rebounding process result in the loss of energy.
IV. CONCLUSIONS
A stable stream of compound drops which consisted of core fluid, water, encased by a layer of shell fluid, diesel, was produced and a detailed experimental investigation on the bouncing and breakup of compound drops impinging on a hot surface above the Leidenfrost temperature was conducted.
A modified normal Weber number We n * and the core-toshell mass ratio ␥ are used to characterize the impinging behavior. For a pure drop, ␥ = 0, three outcomes of impingement were observed: regular reflection for roughly We n * ഛ 14, disintegration with one secondary drop for roughly 14ഛ We n * ഛ 25, and disintegration with more than one secondary drop for roughly We n * ജ 25. Increasing the mass ratio, the influence of the core drop on the interaction process becomes noticeable. The experimental results showed that the upper We n * limit for regular reflection grows with ␥ from We n * Ϸ 14 for a pure drop until We n * Ϸ 25 for ␥ Ϸ 0.3, and the upper We n * limit for disintegration with one secondary drop also grows with ␥ from We n * Ϸ 27 for ␥ = 0 until We n * Ϸ 32 for ␥ Ϸ 0.13. The escaping of the core drop started to be seen for a compound drop of ␥ Ϸ 0.04 impacting at We n * Ϸ 38. The lower We n * limit for the core escaping to occur decreases with increasing ␥ until ␥ Ϸ 0.3. From the experimental evidence, we conclude that the eccentricity of the core drop does not have significant effects on the impact outcome.
A model for the dissipation of deforming compound drop was presented. Based on the conservation of energy, the estimation of the breakup of the compound drop is in good agreement with the experimental data. We also found that the momentum loss normal to the hot surface of the compound drop increases with increasing normal Weber number or increasing mass ratio for 0 Ͻ We n * Ͻ 25 and 0 Ͻ ␥ Ͻ 0.3.
